Aim: -cyclohexyloxy]-benzoic acid (t-AUCB) is a soluble epoxide hydrolase inhibitor that suppresses glioblastoma cell growth in vitro. The aim of this study was to examine whether the γ-secretase inhibitor N- [N-(3,5-difluorophenacetyl)-lalanyl]-S-phenylglycine t-butyl ester (DAPT) could sensitize glioma cells to t-AUCB-induced apoptosis. Methods: Both U251 and U87 human glioblastoma cell lines were tested. Cell growth was assessed using the cell counting kit-8. Cell apoptosis was detected with caspase-3 activity assay kits and flow cytometry. The protein levels in the p38 MAPK/MAPKAPK2/Hsp27 pathway in the cells were analyzed using Western blots. Results: Pretreatment with DAPT (2 μmol/L) substantially potentiated the growth inhibition caused by t-AUCB (200 μmol/L) in U251 and U87 cells. Furthermore, pretreatment with DAPT markedly increased t-AUCB-induced apoptosis of U251 and U87 cells. T-AUCB alone did not significant affect caspase-3 activity in the cells, but t-AUCB plus DAPT pretreatment caused significant increase of caspase-3 activity. Furthermore, pretreatment with DAPT completely blocked t-AUCB-induced phosphorylation of p38 MAPK, MAPKAPK2 and Hsp27 in the cells. Conclusion: The γ-secretase inhibitor DAPT sensitizes t-AUCB-induced apoptosis of human glioblastoma cells in vitro via blocking the p38 MAPK/MAPKAPK2/Hsp27 pathway, suggesting that the combination of t-AUCB and DAPT may be a potentially effective strategy for the treatment of glioblastoma.
Introduction

Trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic
acid (t-AUCB) is one of the improved soluble epoxide hydrolase (sEH) inhibitors. It has been well studied in cardiovascular and inflammatory diseases. Because of good oral bioavailability and improved pharmacokinetic properties, administering t-AUCB in drinking water has been recommended as a feasible, effective, and easy route of administration for chronic studies [1] . One of our previous studies demonstrated that t-AUCB suppresses U251 and U87 cell growth by activating NF-κB-p65 and induces cell-cycle G 0 /G 1 phase arrest by regulating cyclin D1 mRNA and protein levels and CDC2 (Thr161) phosphorylation [2] . Then, another study revealed that t-AUCB elevates the activation of p38 MAPK, MAPKAPK2, and Hsp27 in U251 and U87 cells but does not induce cell apoptosis until the pre-treatment of the p38 MAPK inhibitor SB203580 or the Hsp27 phosphorylation inhibitor KRIBB3. This indicated that t-AUCB induces cell apoptosis after blocking a self-induced activation of Hsp27 and that the activation of Hsp27 may confer chemoresistance in glioblastoma cells [3] . Thus, t-AUCB was considered to be a potential agent for glioma chemotherapy, and targeting the p38 MAPK/MAPKAPK2/Hsp27 pathway may be a new strategy for promoting the anti-tumor efficacy of t-AUCB.
Recently, γ-secretase inhibitors have gained increasingly more attention as a new anti-cancer drug because of their ability to block the Notch signaling pathway [4, 5] . The Lin research group showed that γ-secretase inhibitor-I at low concentra-www.nature.com/aps Li JY et al Acta Pharmacologica Sinica npg tions sensitized U87 and U251 cells to radiation by depleting radio-resistant CD133 cells [5] . Therefore, to investigate whether γ-secretase inhibitor could sensitize glioma cells to t-AUCB treatment and overcome t-AUCB-induced apoptosis resistance, we chose N-[N- (3,5-difluorophenacetyl) -l-alanyl]-S-phenylglycine t-butyl ester (DAPT) for our study because it is widely applied in blocking the Notch signaling pathway. Our results showed that DAPT can indeed block the activation of the p38 MAPK/MAPKAPK2/Hsp27 pathway. DAPT strengthens t-AUCB-induced U251 and U87 cell growth suppression and sensitizes t-AUCB-induced apoptosis by blocking the activation of p38 MAPK/MAPKAPK2/Hsp27. Here we report our results showing that the γ-secretase inhibitor DAPT can target the p38 MAPK/MAPKAPK2/Hsp27 pathway and sensitize glioblastoma (GBM) cells to chemotherapy. We suggest that the combination of t-AUCB and DAPT is a potential strategy for the treatment of GBM.
Materials and methods
Agents
The sEH inhibitor t-AUCB was provided by Professor Bruce D HAMMOCK (Department of Entomology and UCD Cancer Research Center, University of California, Davis, CA, USA) [1] .
-S-phenylglycine t-butyl ester (DAPT) was purchased from Sigma-Aldrich (St Louis, MO, USA). In all assays, these agents were dissolved in dimethyl sulfoxide (DMSO) and subsequently diluted in serum-supplemented medium immediately before use. The DMSO concentration never exceeded 0.1% (v/v).
Cell culture U251 and U87 human glioblastoma cell lines were purchased from the ATCC (American Type Culture Collection). All cells were maintained in DMEM (Dulbecco's modified Eagle's medium) containing 10% fetal bovine serum and 1% penicillin/streptomycin (complete medium). Cells were incubated at 37 °C in a humidified atmosphere of 95% air and 5% CO 2 .
Cell growth assay Cell growth assays were performed using the Cell Counting Kit-8 (CCK-8) from Dojindo Laboratories (Kumamoto, Japan). As described in previous studies [2] , cells were plated onto a 96-well plate at a density of 5000 cells/well in 200 µL of culture medium, and different experimental treatments were applied. Then, the cells were cultured in a humidified incubator containing 5% CO 2 . After 48 h, 20 µL of CCK-8 solution was added to each well and incubated for one hour. The optical density value (absorbance) was measured at 450 nm using an enzyme-linked immunosorbent assay plate reader (Bio-Rad Laboratories, Inc, Berkeley, CA, USA).
Caspase-3 activity assay As we previously described [3] , the activity of caspase-3 in cells was measured using caspase-3 activity assay kits from Millipore (Kankakee, IL, USA). Absorbance was read at 405 nm in a microtiter plate reader and represented the level of caspase-3 activity. Briefly, cell samples were collected, resuspended, and incubated in chilled 1×cell lysis buffer for 10 min and then centrifuged for 5 min at 4 °C in a microcentrifuge (10 000×g). The supernatants were then added to a 96-well plate and incubated for 1 h at 37 °C in the working solution containing caspase-3 substrate, Ac-DEVD-pNA. The increase in caspase-3 activity was determined by comparing the absorbance from an apoptotic sample with an uninduced control after subtracting the background reading from cell lysates and buffers.
Apoptosis analysis by flow cytometry
For apoptosis analysis, cells were plated onto 10-cm culture dishes. Cells received different experimental treatments and were then collected by trypsinization, centrifuged (3500 r/min for 5 min), and washed twice with PBS. Cells were again collected and centrifuged, the supernatant was discarded, and the pellet was incubated for 15 min at room temperature with Annexin V-FITC and propidium iodide before analysis with a FACSAria III flow cytometer (BD Biosciences, San Jose, CA, USA).
Western blot analysis
As we previously described [3] , for the Western blot analysis, whole cell lysates were separated by SDS-PAGE and transferred to an Immobilon-P membrane (Millipore Corporation, Bedford, MA, USA). Membranes were probed with primary antibodies followed by incubation with secondary antibodies. Proteins were visualized with chemiluminescence luminol reagents (Beyotime Institute of Biotechnology, Shanghai, China). Antibodies against GAPDH (#2118), p38 MAPK (#9212), p-p38MAPK (Thr180/Tyr182) (#9215), MAPKAPK2 (#3042), p-MAPKAPK2 (Thr334) (#3041), Hsp27 (#2402), p-Hsp27 (Ser78) (#2405), and Notch1 intracellular region (#4147) were purchased from Cell Signaling Technology (Beverly, MA, USA). The densitometry of the immunoblotting bands was performed using ImageJ, a public software developed by the National Institutes of Health, USA.
Statistical analysis
Three experiments were performed for each assay. All data were analyzed by the Student-Newman-Keuls test and are expressed as the mean±standard deviation (SD). Difference with P<0.05 were considered significant.
Results
DAPT strengthens t-AUCB-induced cell growth suppression
Our previous study demonstrated that t-AUCB inhibits U251 and U87 cell growth in a concentration-dependent manner and that 200 μmol/L t-AUCB can cause significant cell growth suppression [2] . In this study, U251 and U87 cells were treated for 48 h with DMSO (vehicle control), 2 μmol/L DAPT only, 200 μmol/L t-AUCB only, or 200 μmol/L t-AUCB with a 4-h pre-treatment of 2 μmol/L DAPT. Cell growth was detected using cell counting kit-8 (CCK-8) and quantified using the OD values ( Figure 1 ). As the results show, t-AUCB alone www.chinaphar.com Li JY et al Acta Pharmacologica Sinica npg induced cell growth inhibition (P<0.05). However, with a pretreatment of DAPT, the cell growth inhibitory effect of t-AUCB increased significantly (P<0.01). DAPT alone did not cause cell growth inhibition (P>0.05), which suggests that DAPT plays a role in strengthening the effect of t-AUCB-induced cell growth suppression.
t-AUCB induces significant cell apoptosis with pre-treatment of DAPT We previously revealed that apoptosis cannot be detected even when U251 and U87 cells are treated with 200 μmol/L t-AUCB for 72 h because of the apoptosis resistance [3] . In the present study, however, we detected a significantly strengthened cell growth suppression induced by 200 μmol/L t-AUCB with the addition of a pre-treatment of DAPT, indicating that t-AUCB may induce apoptosis in the presence of DAPT. To investigate whether t-AUCB induces significant cell apoptosis with pre-treatment of DAPT, U251 and U87 cells were treated for 72 h with DMSO (vehicle control), 2 μmol/L DAPT only, 200 μmol/L t-AUCB, or 200 μmol/L t-AUCB pre-treated with 2 μmol/L DAPT for 4 h. Cell apoptosis was analyzed by flow cytometry using annexin V-FITC conjugates and propidium iodide double staining. The results show that for the vehicle control of U251 or U87 cells, the proportion of Q2 plus Q4 sections (apoptosis) was 3.6%±1.1% or 3.1%±1.4% ( The caspase-3 activity analysis also showed that cells pretreated with DAPT before being treated with t-AUCB had significantly greater caspase-3 activity compared to those treated with t-AUCB only (P<0.01) (Figure 3 ). These data revealed that t-AUCB induces significant glioblastoma cell apoptosis with a pre-treatment of DAPT, which indicates that DAPT at low concentrations (without significant cell growth inhibition) can overcome the apoptosis resistance in t-AUCB-treated U251 and U87 cells.
DAPT blocks t-AUCB-induced activation of the p38 MAPK/ MAPKAPK2/Hsp27 pathway and inhibits expression of NICD1
In a recent study, we demonstrated that t-AUCB-induced apoptosis resistance in U251 and U87 cells depends on the activation of the p38 MAPK/MAPKAPK2/Hsp27 pathway, which is induced by itself [3] . In this study, we detected the activation of the p38 MAPK/MAPKAPK2/Hsp27 pathway in cells treated for 48 h with DMSO (vehicle control), 2 μmol/L DAPT only, 200 μmol/L t-AUCB only, or 200 μmol/L t-AUCB with a 4-h pre-treatment of 2 μmol/L DAPT using Western blots with antibodies against phosphorylated p38 MAPK (Thr180/Tyr182), phosphorylated MAPKAPK2 (Thr334), and phosphorylated Hsp27 (Ser78). GAPDH served as a loading control. The gray value of each immunoblotting band was measured using ImageJ. The relative gray values of p-p38/ p38, p-MAPKAPK2/MAPKAPK2, and p-Hsp27/Hsp27 were calculated and quantified by their phosphorylation levels. Compared with the vehicle control (-), the phosphorylation levels of p38 MAPK, MAPKAPK2, and Hsp27 were significantly greater in cells treated with 200 μmol/L t-AUCB (P<0.01). In cells treated with DAPT before t-AUCB, the phosphorylation levels were very low, with no significant increase (P>0.05) (Figure 4 ). This result indicates that DAPT blocks t-AUCB-induced activation of the p38 MAPK/MAPKAPK2/ Hsp27 pathway.
Because DAPT was widely used to block Notch signaling by inhibiting the last proteolytic step before the release of NICDs, which is essential for Notch activation, we measured the expression of NICD1 in cells treated for 48 h with DMSO (vehicle control), 2 μmol/L DAPT only, 200 μmol/L t-AUCB, or 200 μmol/L t-AUCB with 4-h pre-treatment of 2 μmol/L DAPT using Western blotting. Antibodies against NICD1 were used, and GAPDH served as the protein-loading control. The relative gray values were measured using ImageJ and then calculated. The results showed that compared with the vehicle control (-), the DAPT treatment significantly downregulates NICD1 expression in cells with or without treatment of t-AUCB (P<0.01) ( Figure 5 ).
Discussion
Glioblastomas (GBMs) are the most common primary malignant brain tumors in adults [6] . Even with excellent surgery followed by the standard treatment of temozolomide (TMZ) with concurrent external beam radiation as adjuvant therapy, the prognosis of patients with GBMs remains poor [7] [8] [9] [10] . We recently studied the effects of an improved sEH inhibitor, t-AUCB, on GBM cells. Our results demonstrated that t-AUCB can suppress GBM cell growth, but GBM cells resist t-AUCB-induced apoptosis [2, 3] . The apoptosis resistance was found to depend on the activation of Hsp27 induced by t-AUCB itself, which can be overridden with the Hsp27 inhibitor. However, Hsp27 inhibitors are rarely reported in studies associated with anti-gliomas, and thus, their application in in vivo studies or clinical trials is limited. Therefore, it is necessary to develop other potential agents that can be widely used and can inhibit the t-AUCB-induced activation of Hsp27 or sensitize t-AUCB-induced apoptosis.
The γ-secretase inhibitors (GSIs) have been reported to block the generation of a β peptide associated with Alzheimer's disease because of their potential to block the presenilin-γ-secretase complex [4] . Recently, they were widely used as a tool in anti-cancer studies. An increasing number of reports are revealing that GSIs offer a potential clinical application in cancer therapeutics, including treatment of glioblastomas [11] [12] [13] [14] [15] [16] . A phase I trial of the γ-secretase inhibitor MK-0752 has been performed, and the results show that it is well-tolerated in children with recurrent CNS malignancies. The phase II study was recommended, thus indicating that studies of GSI clinical application are making progress [17] . A recent study investigated the effects of the Notch pathway blockade by [18] . Another study on GSIs and GBMs showed that the inhibition of the Notch pathway with GSIs renders the glioma stem cells more sensitive to radiation at clinically relevant doses [19] . Similarly, the Lin research group described a possibility that a tripeptide GSI (z-Leu-leuNle-CHO) called GSI-I could be used at low concentrations to strengthen the radiosensitivity of glioblastoma cells [5] . Because GSI can sensitize GBM cells to radiation, questions remain regarding its effects on t-AUCB-treated GBM cells or whether it can sensitize t-AUCB-induced apoptosis.
In the present study, we investigated the effects of the GSI DAPT on t-AUCB-treated U251 and U87 glioblastoma cells. First, we detected cell growth and cell apoptosis in cells treated with DAPT only or in those treated with DAPT followed by t-AUCB. Because DAPT itself can also inhibit cell growth at certain concentrations and to avoid this effect, we applied DAPT at a low concentration of 2 μmol/L, which was demonstrated by others [19] [20] [21] [22] and our current study have no significant effects on cell growth inhibition or cell apoptosis induction. Our results showed that with the pre-treatment of DAPT, cell growth inhibition in t-AUCB-treated U251 and U87 glioblastoma cells was strengthened significantly. Treatment of DAPT plus t-AUCB can induce significant cell apoptosis and promote caspase-3 activity, which is essential in the apoptosis process. DAPT is widely used as a tool to block the Notch signaling pathway in studies of cancer therapy and can hence override chemoresistance by inhibiting the expression of Notch1 [23] . Thus, we herein detected the levels of Notch1 intracellular domain (NICD1) and the active region of the Notch1 receptor of cells under different experimental treatments by western blot.
We found that DAPT significantly downregulated the level . DAPT blocks t-AUCB-induced activation of the p38 MAPK/MAPKAPK2/Hsp27 pathway. The activation of p38 MAPK, MAPKAPK2, and Hsp27 was detected by Western blotting using antibodies against phosphorylated p38 MAPK (Thr180/Tyr182), phosphorylated MAPKAPK2 (Thr334), and phosphorylated Hsp27 (Ser78). The total protein levels for each were also measured. GAPDH served as a loading control. The relative gray values of p-p38/p38, p-MAPKAPK2/MAPKAPK2, and p-Hsp27/Hsp27 were calculated with the ImageJ program using their measured gray values and represented the phosphorylation levels of p38 MAPK, MAPKAPK2, and Hsp27. In the vehicle control (-), the phosphorylation levels of p38 MAPK, MAPKAPK2, and Hsp27 were very low. After the 48-h treatment with 200 μmol/L t-AUCB, the phosphorylation levels of p38 MAPK, MAPKAPK2, and Hsp27 increased significantly. In cells pre-treated with DAPT before the treatment of t-AUCB, the phosphorylation levels were very low, with no significant change compared to the vehicle control, thus indicating that DAPT blocks the t-AUCB-induced activation of the p38 MAPK/MAPKAPK2/Hsp27 pathway. [3] . Therefore, we suggest that DAPT may affect the activation of Hsp27. Our results from the Western blot analysis showed that DAPT can block the t-AUCB-induced activation of the p38 MAPK/MAPKAPK2/ Hsp27 pathway, thus indicating that DAPT is a potential agent that can inhibit the t-AUCB-induced activation of Hsp27 and increase t-AUCB-induced apoptosis in glioblastoma cells. Although a study researching the formation of actin stress fibers [24] reported that a peptide, GSI (Z-Leu-Lyu-Nle-CHO), can completely block the activation of the p38 MAPK/MAP-KAPK2/Hsp27 pathway, almost no previous studies report that GSIs can be used to overcome chemoresistance in tumors by blocking the activation of the p38 MAPK/MAPKAPK2/ Hsp27 pathway. In the present study, we demonstrated that the GSI DAPT blocks the t-AUCB-induced activation of the p38 MAPK/MAPKAPK2/Hsp27 pathway in human GBM cells. We also showed that t-AUCB, when combined with DAPT, is effective for inducing U251 and U87 cell apoptosis.
In conclusion, our results demonstrated that the GSI DAPT can target the p38 MAPK/MAPKAPK2/Hsp27 pathway to overcome t-AUCB-induced apoptosis resistance in human glioblastoma U251 and U87 cells. This suggests that targeting of the p38 MAPK/MAPKAPK2/Hsp27 pathway with a γ-secretase inhibitor may be a novel approach for overcoming chemoresistance in cancer therapy. The combination of t-AUCB and the GSI DAPT may be a potential strategy for the treatment of GBM.
